We report an anomalous wide broadening of the emission spectra of an electronic excitation confined in a two-dimensional potential. We attribute these results to an extremely fast radiative decay rate associated with superradiant emission from the ensemble of confined electrons. Lifetimes extracted from the spectra are below 100 fs and, thus, 6 orders of magnitude faster than for single particle transitions at similar wavelength. Moreover, the spontaneous emission rate increases with the electronic density, as expected for superradiant emission. The data, all taken at 300 K, are in excellent agreement with our theoretical model, which takes into account dipole-dipole Coulomb interaction between electronic excitations. Our experimental results demonstrate that the interaction with infrared light, which is usually considered a weak perturbation, can be a very efficient relaxation mechanism for collective electronic excitations in solids.
The spontaneous emission rate Γ 0 sp of an isolated "two-level atom" depends exclusively on the energy separation between the levels [1, 2] . However Γ 0 sp is not an intrinsic property of the quantum system, as it can be strongly influenced by the electromagnetic environment [3] and/or by the presence of other emitters in the close vicinity of the excited atoms. Both situations have been theoretically and experimentally studied for many years and are known as, respectively, the Purcell effect [4] and the superradiance [5, 6] . This last phenomenon occurs when a dense collection of two-level emitters oscillates in phase, with a consequent increase of the coupling between the light and the ensemble of emitters [7] [8] [9] [10] [11] [12] . In the present Letter, we investigate experimentally the superradiant emission from a lowdimensional collective electronic excitation, the intersubband plasmon [13] . So far, the linewidth broadening of intersubband plasmons has been considered exclusively from a solid state physics perspective, invoking strictly nonradiative phenomena such as electron-electron and impurity scatterings [14] [15] [16] . We show that the interaction with photons, usually considered only as a weak probe, becomes the dominant relaxation channel in samples with high electronic concentrations. This results in increased linewidths for plasmons with excitation vectors close to the light line.
One of the manifestations of the superradiance phenomena occurs in a cloud of N e emitters with identical decay rates Γ 0 sp , in which only one atom (but we do not know which one) is excited [17, 18] . The collective excited state of the system is then a symmetric quantum superposition of all possible states where an atom is in the excited state jei, while all the others are in the ground state jgi:
This superposition decays exponentially towards the ground state of the system with a time constant 1=ðN e Γ 0 sp Þ, thus N e times faster than for a single transition. This case has been illustrated in Fig. 1(a) , where all the atoms are contained within a volume smaller than λ 3 (λ is the transition wavelength) and it is assumed that atom-atom interactions are absent. Under these assumptions, the excitation spectrum of the N e atoms is a ladder of equidistant energy levels [top part of Fig. 1(a) ], with the first excited state of the ladder precisely of the form jψi.
In the present work we illustrate that such a superradiance concept can successfully describe the radiative decay in a dense two-dimensional electron gas. This case corresponds to a highly doped quantum well, where the electronic transitions at an energy E 12 occur between two confined subbands [ Fig. 1(b) ]. Indeed, in both cases, depicted in panels 1(a) and 1(b), we are dealing with a collection of identical two-level transitions. Apart from obvious considerations on density issues between condensed matter and atomic physics, there are two apparent differences between these systems. The first is that in the atomic configuration the two- (dipole-dipole) interaction that renormalizes the optical resonance of the system. In the low excitation limit, the many-body excitation spectrum of electrons is also a ladder with an energy spacingẼ 12 ¼
, with E p the plasma energy of the electronic ensemble [13, 20] . The first collective excitation has a superradiantlike wave function of the form (1) [19, 28] . Remarkably, the same harmonic spectrum occurs even for high densities, when electrons occupy different subbands with different energy spacing, as illustrated in Fig. 1(c) . In that case the dipole-dipole coupling is so strong that it phases all the oscillators, even at different frequencies, as indicated in Fig. 1(c) [21] . The optical response of the system is then dominated by a single bosonic collective excitation, the multisubband plasmon of energy E MSP which is no longer related to the energy spectrum imposed by the confining potentials [20, 21] ( Fig. 1(c) , top panel). The radiative decay of this manybody plasmon state is inherently superradiant as it is proportional to the number of electrons oscillating in a volume of the order of λ 2 L qw , that fulfills the Dicke small sample requirement [17] . In this framework the spontaneous emission rate of the multisubband plasmon Γ sp ðθÞ can be derived using the Fermi golden rule
where N s is the areal electronic density, α ¼ 1=137 is the fine structure constant, m Ã is the effective mass, n is the refractive index, and θ is the emission angle. On the right-hand side the formula has been further simplified by defining the superradiant coefficient
The spontaneous emission is thus proportional to the carrier density N s and it has a strong dependence on the emission angle θ [22] [23] [24] 29, 30] , diverging for oblique angles, but it is independent of the energy of the collective excitations. The constant β s contains the ratio α=m Ã , which is reminiscent of elements from quantum optics α and from condensed matter m Ã . To clarify the relation between N s and the total number of electrons participating in the superradiant process N e it is convenient to express Γ sp ðθÞ also as a function of the spontaneous emission rate of a single particle Γ 0 :
This expression shows clearly that the number of electrons N e ¼ N s ðλ=nÞ 2 are those contained in an area defined by the wavelength of the emitted photons in the material.
In Fig. 2 the value of the spontaneous emission τ sp ¼ 1=Γ sp is plotted as a function of N s for a collective excitation in a 18.5 nm wide quantum well emitting at θ ¼ 60°(red line). This is compared with the calculation of the radiative lifetime of a single emitter τ ¼ 1=Γ 0 (blue line) FIG . 1 (color online). Comparison between an atomic ensemble and a two-dimensional electronic system. (a) Different atoms are labeled by their position in the real space and have flat dispersion in the momentum space. Provided that they occupy a volume ≪ λ 3 , their spectrum of interaction with the light can be represented as a harmonic ladder. (b) In a two-dimensional electronic system with only two confined subbands there is also a collection of identical two-level emitters, which, however, can be recognized by their momentum in the plane, rather than their positions. Coulomb interaction renormalizes the transition energy by a blueshift, but the overall shape of the optical spectrum stays identical. (c) In the case of several occupied subbands the harmonic spectrum is preserved. Here, the energy spacing E MSP is provided by the many-body interactions, rather than the confining potential. Further explanations are provided in the Supplemental Material [19] .
FIG. 2 (color online). Spontaneous emission times as a function
of the doping level for superradiant emission from the multisubband plasmon (red line, our case) at θ ¼ 60°and a single twolevel emitter (blue) with the same energy as the collective excitation. The dashed line indicates the typical nonradiative lifetime in intersubband systems. With our doping level (≈10 13 cm −2 ), the collective excitation has an emission lifetime that is 6 orders of magnitude shorter than that of a single emitter. Furthermore, the radiation lifetime becomes comparable with the nonradiative lifetime, a situation that is unprecedented for a solid state system at room temperature. 187402-2 that has the same energy as the collective excitation (E 12 ¼ E MSP ). Note that for the values of doping used in our samples (≈10 13 cm −2 ) the superradiant enhancement gives a spontaneous emission time approximately 6 orders of magnitude faster than for a single emitting dipole. Moreover, in this limit the radiative broadening is expected to be larger than the typical values of the intrinsic broadening due to nonradiative processes.
In order to measure the superradiant emission rate from a high density electron gas, as suggested by Eq. (2), we have studied the emission from samples with different areal doping N s , as a function of the angle θ. We have analyzed three single quantum well samples, grown by metal organic chemical vapour deposition, that consist of an InGaAs heavily doped layer sandwiched between two AlInAs barriers. The quantum well widths are 18.5 nm for two samples and 100 nm for the third. The surface densities N s are 1.5 × 10 13 cm −2 and 2.2 × 10 13 cm −2 for the wells with identical widths, and 8 × 10 13 cm −2 for the large well.
The emission from the plasmon resonance is obtained by heating of the electrons in the quantum well, in analogy to previous studies with parabolic quantum wells [31, 32] . For this purpose, the samples are processed into field effect transistorlike structures [inset Fig. 3(a) ], consisting of two Ohmic contacts (Ni/Ge/Au/Ni/Au annealed at 400°C) for source and drain (SD), and a nonalloyed Ti/Au layer for the gate [Fig. 3(a) ]. The gate size is L × W ¼ 50 × 50 μm 2 , where L and W are, respectively, the length and the width of the channel. In this configuration, due to the very low electronic heat capacity the temperature of the gas can be modulated at high frequency. We can thus detect the plasmon emission with a lock-in technique which eliminates the black-body radiation background of the substrate. Samples are mounted either in a cryostat or on a heating device that allows changing the substrate temperature from 4 to 400 K, which permits us to vary the heat capacity of the electrons that increases exponentially with temperature. Emission is measured through the polished facet of the semiconductor substrate [ Fig. 3(a) , top].
In the main part of Fig. 3(a) we present plasmon emission (continuous line) and absorption spectra (dotted line), measured at 300 K, for the sample with 18.5 nm well width and electronic density 2.2 × 10 13 cm −2 . Both spectra have been measured with an angle θ ¼ 45°in a Fourier transform infrared spectrometer. The emission spectrum is obtained by injecting 30 mA current. The two spectra overlap remarkably well, meaning that the same excitation is measured in absorption and emission. Both peaks are centered at E MSP ¼ 161 meV and have a full width at half maximum (FWHM) of ≈14 meV. Notice that in spite of the disorder that is introduced by the high concentration of donors, at this angle, the measured peaks are quite narrow (FWHM=E MSP ¼ 9%).
In Fig. 3(b) the electrical and optical characteristics of our device are reported. Light versus current characteristics (L-I) at different heat sink temperatures are shown in the main panel for θ ¼ 45°. In the inset we present the voltagecurrent (V-I) characteristic at 338 K for the SD injection, while no voltage is applied to the gate in this work. The V-I is perfectly Ohmic. The current, modulated with a squared wave at 10 kHz, is injected by applying a bias across SD to heat the electron gas and increasing the overall temperature of the system. Plasmons are thus thermally promoted on the excited states and relax radiatively. This is confirmed by the quadratic dependence of the luminescence as a function of the injected current. Moreover, the intensity of the signal varies exponentially with the heat sink temperature, as expected from the temperature dependence of the electronic heat capacity.
The main results of our investigation are reported in Fig. 4 , where we measure the spectra as a function of the emission angle θ. The experiment is illustrated on the left side of Fig. 4 . Emission spectra of our devices are presented on the three-dimensional color plots of Fig. 4 , as a function of the photon energy and θ. In order to scan a wide angular range each panel is composed of spectra taken at four different polishing angles α p (30°, 45°, 60°, 80°). For all samples, the width of the spectra increases at higher angles, due to the rise of the spontaneous emission rate that becomes the dominant contribution in the emission linewidth towards 80°. The broadening increases faster for higher doping as expected from Eq. (2). Close to 90°, however, the linewidth does not follow the dependence and decreases, as it has been already shown for the case of z-polarized exciton-polaritons that have similar angular dependence [24, 30] . The increase of the linewidth with the sample doping is also clearly evidenced in the lower part of Fig. 4 where we report three representative spectra of the samples taken at θ ¼ 55°. Note that none of the possible nonradiative scattering mechanisms, such as optical phonon, interface roughness, or electron-electron scatterings depends on the angle of the emitted photons, and therefore cannot explain the observed experimental results. Indeed, the investigated photon momenta are always too small on the scale of the Brillouin zone, and cannot induce such strong variations in the nonradiative decay rates.
In Fig. 5(a) we summarize the dependence of the FWHM of the spectra reported in Fig. 4 as a function of θ. Data are very well fitted with the angular dependence of Eq. (2), sin 2 θ= cos θ up to 85°, and assuming a total linewidth Γ sp þ γ, with γ the intrinsic nonradiative contribution. This contribution can be recovered from Fig. 5(a) as the limit of the linewidth when θ → 0°. We obtain γ ≈ 10 meV for the two 18.5 nm quantum well samples and 6.6 meV for the 100 nm one. For angles above 60°-70°the linewidth is dominated by the radiative component Γ sp , a very unusual situation in condensed matter physics at room temperature or above. In the inset, the data of Fig. 5(a) are plotted on a linear scale as a function of η ¼ sin 2 θ= cos θ. This is done to better separate the dependence on the density, which is now proportional only to the slope. One can clearly see that the samples doped 1.5 × 10 13 cm −2 and the 2.2 × 10 13 cm −2 have two well-distinct slopes. In Fig. 5(b) we extract the value of the spontaneous emission lifetime from the data of Fig. 5(a) , by subtracting the intrinsic width γ from the total linewidth, and taking the reciprocal of the remaining radiative width. It is remarkable that for all samples the spontaneous emission lifetime reaches tens of femtoseconds at high angles, to compare with a hundred nanoseconds for a single electron. From the three slopes obtained with the linear fits in Fig. 5(a) we can derive the experimental values of the superradiant coefficient for each sample. As shown in Fig. 5 (c) this value is constant for all the samples within the experimental error. Note that the calculated value of the superradiant coefficient is β s ¼ 0.36 ½cm 2 · s −1 .
In conclusion, we have predicted and measured superradiant spontaneous emission from a dense ensemble of electrons in a two-dimensional potential well. This physical system fulfils the conditions to observe superradiance, namely small size and high densities. Moreover, dipoledipole Coulomb coupling for this highly symmetric system favors the appearance of superradiant states. Spontaneous emission shorter than 100 fs has been measured. These results show the existence of radiative lifetime limited excitations in solid state systems at room temperature and above. Finally, this phenomenon hints to new possible mechanisms for efficient light generation and ultrafast sampling of time-based signals. In particular, superradiant states can be used to realize monochromatic incandescent midinfrared sources [33] [34] [35] , with unprecedented modulation bandwidth.
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